Background and objectives A modest protective association between bisphosphonate prescription and mortality among women with CKD but without clinically manifest cardiovascular disease has been shown. Whether a prior cardiovascular event (myocardial infarction, stroke, or heart failure) modifies this association is unknown.
Introduction
Among patients with CKD, vascular calcification may amplify cardiovascular risk (1, 2) . Bisphosphonates might attenuate this pathologic mineral metabolism and in turn, modify cardiovascular risk. However, the use of these agents is controversial because of limited knowledge of their pharmacokinetics and dynamics among those patients with CKD (3) (4) (5) . Risk-benefit analysis is further clouded by discrepancies between animal studies and outcome studies in humans. Although these agents have been shown to improve vascular calcification scores in animal models, some studies have suggested that they increase the risk of cardiac arrhythmias and stroke in humans, although no clear risk mechanism has been established (6) (7) (8) .
An additional complicating factor is the limited trial data on bisphosphonate use among those patients with CKD (3) . Dosing guidelines discourage the use of these agents among those patients with more advanced (stage 4 or higher) CKD. These gaps limit the data that might be used to test hypotheses about potential cardiovascular benefit (or risk) among those patients with CKD. Observational studies of community-based cohorts offer an opportunity to examine associations between treatment with these agents and key outcomes but present methodological challenges related primarily to survival and treatment indication biases (9) .
We have previously reported that, among adult patients with CKD and without clinically manifest cardiovascular disease, bisphosphonate therapy is associated with a lower risk of death (10) . Of some concern in subgroup analyses was that this association was lost among those patients with coronary disease or cardiac dysrhythmia, suggesting the possibility that the presence of cardiovascular disease may modify any protective mortality benefit among those patients with CKD treated with a bisphosphonate. This prior study excluded any individual with a history of a major cardiovascular event, thus limiting the extent to which this issue might be explored.
We wished to test the hypothesis that the mortality risk associated with bisphosphonate therapy among women patients with CKD differs between those patients with and without a prior major cardiovascular event.
Materials and Methods
This study was approved by the Geisinger Medical Center Institutional Review Board. The data source was EpicCare, Geisinger Medical Center's electronic health record.
Study Population
Patients eligible for the study included women between the ages of 18-88 years as of the study index date who were enrolled for primary care at any Geisinger facility and had CKD stage 3 or 4 (defined as two outpatient eGFR values between 15 and ,60 ml/min per 1.73 m 2 on at least two dates separated by at least 90 days but no more than 730 days). We limited the analysis to women because few men were treated with bisphosphonates. Cohort enrollment took place between January 1, 2004, and March 31, 2011; followup for outcomes occurred through September 30, 2011. The index date was the first qualifying CKD date (defined as the second of the two eGFR values) after January 1, 2004, or January 1, 2004, for those patients with prevalent CKD. Prevalent CKD was accounted for using left truncation; information on CKD status for the study population was available back to January 1, 2001 (11) .
GFR was estimated from serum creatinine using the Chronic Kidney Disease Epidemiology Collaboration estimating equation (12) . Serum creatinine was measured at a single Geisinger laboratory using the isotope dilution/mass spectroscopy-traceable Roche enzymatic method throughout the study period (13) .
Patients were excluded for hospital-acquired AKI occurring within 30 days of the index date (defined by an increase of 50% or more from baseline serum creatinine during a hospitalization for any cause, with the baseline serum creatinine defined as the lowest recorded value between 90 days before the index admission and the hospital discharge date) (14) , pregnancy within 6 months of the index date, history of ESRD or prior inpatient dialysis, history of solid organ transplantation, or metastatic cancer. Patients were censored for death or end of the study period (September 30, 2011), whichever occurred first.
Exposure
Bisphosphonate therapy was identified using electronic prescription orders. Any outpatient prescription for a medication (oral or parenteral) within this class on or after the index date was qualifying. The analysis treated bisphosphonates as a time-dependent exposure; a participant accumulated exposure time only after the first bisphosphonate medication order date. After a subject began therapy with a bisphosphonate, active treatment until end of follow-up was assumed.
Outcomes
The study outcome was all-cause death. Information on vital status for Geisinger primary care recipients is updated monthly by institutional query of the Social Security Administration's death master file through the National Technical Information Service (15).
Study Covariates
Variables considered included demographic information, medications active at the time of the index date (b-blockers, aspirin, clopidogrel, HMG-CoA reductase inhibitors, and glucocorticoids), comorbid conditions (diabetes, osteoporosis, chronic obstructive pulmonary disease [COPD], peripheral arterial disease, thyroid disease, tobacco use, history of cardiac dysrhythmia, and history of coronary artery disease), subspecialty rheumatology consultation during the 12 months before the index date, number of visits to a primary care physician during the 12 months before the index date, vital signs (body mass index and systolic and diastolic BPs), and laboratory results (serum creatinine, serum albumin, serum HDL and LDL, and proteinuria) within 6 months before the index date. Comorbid conditions were coded if present on a patient's permanent medical problem list or identified at two or more outpatient encounters using International Classification of Diseases (ICD)-9 codes. Proteinuria was coded as positive, negative, or not assessed. A positive test was defined as any semiquantitative dipstick analysis result of 30 mg/dl or greater, a urinary protein-to-creatinine ratio of 0.2 mg protein/1 g creatinine or greater, or a 24-hour urine protein of at least 300 mg protein.
Statistical Analyses
Patients were stratified by baseline cardiovascular event status at the time of cohort entry. A cardiovascular event was coded if present on the permanent medical problem list, coded at least two times in conjunction with an outpatient clinic visit, or listed as a primary or secondary hospital discharge diagnosis before the index date. For any continuously measured covariate with more than 10% missing baseline values (serum calcium, serum albumin, or serum HDL and LDL cholesterol), we used multiple imputation with five datasets to limit bias (16) . For proteinuria, a dummy variable was created to indicate whether this test was ordered (17) . A sensitivity analysis was performed in which, for the primary analysis alone, missing case values were analyzed using dummy variable assignment for the calcium, albumin, and cholesterol laboratory results. Baseline comparisons (by cardiovascular event status and bisphosphonate treatment status) were made using the Kruskal-Wallis nonparametric and Pearson's chi-squared tests as appropriate. A Poisson regression model was used to estimate the mortality rate across groups, and the results were expressed as incident rate ratios.
Time until death was analyzed using the Cox proportional hazard regression model and treating bisphosphonate therapy as time-dependent. Variables significant at P,0.10 in the univariate analysis or previously associated with death among patients with CKD, were included in the Cox model. An interaction variable (bisphosphonate therapy3prior cardiovascular event) was created and entered into the survival model to test whether the presence of a prior cardiovascular event modifies the association between bisphosphonate treatment and mortality risk. A P value ,0.05 for the coefficient of the interaction term would indicate a very low likelihood (i.e., chance) of observing that coefficient under the assumption of no interaction. The practical interpretation would be that a prior cardiovascular event modifies the effect of bisphosphonate treatment on the risk of death. The Cox proportionality assumption was tested with timedependent covariates created by interacting predictors and a function of survival time. These time-dependent covariates were nonsignificant.
Sensitivity Analyses
Given the observational design of this study, survival and indication bias were of practical concern in the primary analysis. Secondary analyses were, therefore, performed.
Prevalent Versus Incident Bisphosphonate Treatment (Approach 2). Those patients treated with a bisphosphonate at study entry might be healthier than those patients who ceased treatment or died on therapy before study entry because of adverse effects or low adherence, potentially resulting in a bias to protective effects of bisphosphonate. Therefore, we repeated the analysis after excluding patients receiving bisphosphonate therapy at the time of the study index date (i.e., only including incident bisphosphonate users).
Treatment Lag Effect (Approach 3). It was considered possible that any potential pathophysiologic bisphosphonate effect would increase mortality risk only after prolonged treatment; an additional analysis was, therefore, performed using the approach 2 cohort, in which deaths occurring within the 365-day period after treatment initiation among the treated cohort subset were attributed to the unexposed group.
Treatment Indication and Timing (Approach 4). There were likely important differences in clinical characteristics between those patients prescribed and not prescribed bisphosphonates, potentially confounding the association between bisphosphonate treatment and mortality. A propensity score-adjusted analysis was, therefore, performed. For this sensitivity analysis, the characteristics and clinical profiles of the treated subset were characterized at the time of bisphosphonate initiation rather than the study index date used in the primary analysis across the incident treatment cohort (i.e., the approach 2 cohort, above). All potential confounding variables were considered for inclusion in the propensity score; final variable selection was based on a boosted regression tree model and comparison of the relative influence on bisphosphonate treatment (18) . The inverse of the propensity score was then used to weight the observations (inverse probability weighting). Given the degree of variability typically observed with these weights, they were further standardized using the marginal probability of bisphosphonate treatment. The Cox proportional hazard regression model was then fit using bisphosphonate use as the variable of interest and weighted by the stabilized inverse probability weights (19) . The interaction of interest (bisphosphonate treatment with cardiovascular disease) was tested like in the other approaches.
All analyses were performed using SAS version 9.2 (SAS Corporation) and Stata version 12.0 (StataCorp.).
Results
For the primary analysis, 6756 patients met cohort entry criteria; 2173 (32.2%) of the study population patients had a history of a prior major cardiovascular event. Nearly 40% of those patients with and without a prior cardiovascular event were treated with a bisphosphonate. Among other differences (Table 1) , those patients with a history of prior cardiovascular event were more likely to be older, have a smoking history, have diabetes, COPD, and vascular disease, be prescribed antiplatelet and HMGCoA reductase inhibitor therapy, have lower LDL and HDL cholesterol levels, and have proteinuria. They were also seen more frequently by their primary care provider during the year before study entry.
Those women prescribed a bisphosphonate were more likely to be older and have seen a rheumatologist in the year before the study entry; they were more likely to have been prescribed an HMG-CoA reductase inhibitor and have COPD, but they were less likely to have diabetes or proteinuria. They were more likely to have a higher HDL cholesterol and a lower body mass index ( Table 2) .
The study population was followed for a median (interquartile range) of 4.3 (2.2-6.6) years (29,555 person-years). There were 1592 deaths during the study period. Ageadjusted mortality rates were significantly higher among those patients with (relative to those without) a prior cardiovascular event (incident rate ratio, 1.95; 95% confidence interval [95% CI], 1.77 to 2.15; P,0.001). In the whole study population, no association between bisphosphonate treatment and age-adjusted mortality risk was observed (incident rate ratio, 0.98; 95% CI, 0.88 to 1.08; P=0.67). When stratifying by prior cardiovascular event status, the age-adjusted mortality rate associated with bisphosphonate treatment among those patients with a prior cardiovascular event was 15% higher relative to those patients not treated (incident rate ratio, 1.15; 95% CI, 0.99 to 1.34; P=0.06). Among those patients without a history of cardiovascular disease, no clear association between bisphosphonate use and ageadjusted mortality risk was observed (incidence rate ratio, 0.96; 95% CI, 0.83 to 1.10; P=0.57). Table 3 shows the unadjusted and fully adjusted Cox proportional mortality hazards associated with bisphosphonate treatment for the primary analysis (approach 1) and each of the three sensitivity analyses (approaches 2-4). In the primary adjusted analysis, bisphosphonate treatment was associated with a higher risk of death among those patients with but not without a history of major cardiovascular event (similar findings were observed when the analysis was limited to those patients with a history of congestive heart failure and also when missing values for serum calcium, albumin, and HDL and LDL cholesterol were handled using dummy variable assignment instead of multiple imputation; data not shown). The interaction was significant (P=0.004), suggesting that a prior major cardiovascular event modifies the impact of treatment with bisphosphonates in this population.
The results differed under the conditions of the sensitivity analyses. For the analysis focusing on new initiators of bisphosphonates (approach 2), 1691 (25%) patients from the primary analysis cohort were excluded, because they were on treatment with a bisphosphonate at the time of the study index date, leaving 5065 subjects for the analysis. These subjects were followed for a median (interquartile range) of 3.5 (1.7-5.7) years. As shown in Table 3 , the trend toward a beneficial association of bisphosphonate treatment and mortality risk among those patients without a prior history of a major cardiovascular event is weaker in this analysis, whereas the adjusted risk persists for those patients with a prior history of cardiovascular event treated with bisphosphonates. The interaction by the presence of such a history was not statistically significant (P=0.07).
In the second sensitivity analysis (approach 3), mortality risk attributable to treatment with a bisphosphonate was limited to the period beginning 1 year after the date of first bisphosphonate prescription. The approach 2 cohort was, therefore, modified by deaths occurring during this 1-year lag period; 184 deaths in bisphosphonate-treated subjects occurred during this lag period. Median follow-up was 2.5 years. Regardless of cardiovascular disease history, bisphosphonate treatment was associated with an increased risk of death in the fully adjusted analysis. The association was not statistically significant for those patients without cardiovascular disease, and the strength of the association was stronger for those patients with preexisting cardiovascular disease. The interaction term was nonsignificant (Table 3) .
In the final sensitivity analysis (approach 4), in which a propensity score for the likelihood of bisphosphonate treatment was used to adjust the Cox proportional hazard model, the approach 2 cohort was again used as the initial study population. This cohort was further modified by characterization of treated patients at the time of bisphosphonate initiation as opposed to the study index date used in the primary analysis; 403 patients were excluded, resulting in a sample size of 4662 patients. For those patients without preexisting cardiovascular disease, bisphosphonate treatment was associated with a reduced mortality risk in this analysis (hazard ratio, 0.55; 95% CI, 0.37 to 0.82) but not in those patients with established cardiovascular disease. The interaction term was statistically significant, suggesting that cardiovascular disease modifies the risk association (Table 3) .
Discussion
In this study of women with CKD, the association between bisphosphonate treatment and mortality risk was inconclusive across a series of analyses designed to account for various types of selection and indication bias. The pattern of these associations would suggest that the mortality risk association with bisphosphonate among women with CKD and a history of cardiovascular disease may differ from similar women without cardiovascular disease, which was evidenced by the statistically significant interaction term in two of four approaches. Both a protective effect of treatment (among women without clinically apparent cardiovascular disease) and an increased risk of treatment (among women with cardiovascular disease) were observed in some but not all of the analyses in this study; consistency across all analyses was not seen. No definitive conclusions regarding risk association can, therefore, be drawn. The varying results across the series of approaches provide cautionary evidence for the influence of selection and indication biases in assessing drug treatment effects in an observational setting. Across two of four analytic approaches in this study, we observed a statistically significant mortality risk among bisphosphonate-treated subjects with a history of prior cardiovascular disease. The reasons for this finding cannot be elucidated given the nature of our study design. However, some reports have identified an increased risk of atrial fibrillation among bisphosphonate users, a finding not confirmed by the US Food and Drug Administration (6) (7) (8) 20) . Other studies have identified an association between low bone turnover-a bisphosphonate effect-and vascular calcification, an adverse outcome that might potentially be amplified by delayed drug clearance among those patients with CKD (21, 22) . However, a systematic review of clinical trials examining the impact of bisphosphonate treatment on coronary and aortic calcification and carotid arterial thickness found inconsistent associations among the nine reported trials included (23) . Although our analysis does not confirm higher risk, the associations of treatment with risk among those patients with CKD and cardiovascular disease would warrant additional investigation and does support a cautious approach to the use of these medications in this population. Animal models show clearly that bisphosphonates accumulate and show activity in calcified arterial vessels; whether this result, in turn, increases risk is not clear (24, 25) . In a previous study, we reported a modest protective association of bisphosphonates in a similar study population without a prior history of a major cardiovascular event but with a different study enrollment period, inclusion criteria, and follow-up period (10) . In the analysis presented here, the derivation of the study population across the sensitivity analyses had a considerable impact on risk associations; in three of four approaches, the protective association was again observed among those patients without cardiovascular disease, although this association was statistically significant in only the analysis adjusting for treatment indication (approach 4).
Observational studies designed to address drug effectsboth adverse and intended-are complicated by multiple potential sources of bias. It is not possible to determine which of the approaches applied in this observational study is least biased. Although the risk estimates suggest potential relationships, conclusions regarding definitive risk or benefit await additional study. Accounting for cumulative exposure, graded dose effects, and intraclass drug differences represents additional challenges when examining adverse drug effects observationally. Despite a growing understanding of the atypical pathophysiology of vascular calcification among those patients with CKD, no targeted therapies to reduce cardiovascular risk exist for this population of patients beyond those therapies available to the general population. Interventional trials may help untangle the multitude of factors that influence outcomes in this unique population, and the results of this observational study, in which both risk and benefit are seen depending on cardiovascular disease burden, may justify the effort and resources required to carry out such trials.
This study has additional limitations beyond its observational design. Nonadherence or changes in treatment plan after the first bisphosphonate prescription are not accounted for in this analysis to include discontinuation of therapy, which may result in bias to the null. Similarly, bisphosphonate dose was not accounted for in this study, and potential intraclass differences among the individual agents may exist, which in turn, may differentially impact mortality risk. This study was not designed to assess this potentially important heterogeneity. Exposure misclassification because of treatment occurring outside the Geisinger system is an additional potential limitation, although it is likely minimal because of Geisinger referral patterns for the primary care population. Follow-up time was modest and may have been inadequate to detect longer-term effects. Also, because the definition of CKD was based on eGFR, additional examination is needed to determine whether our results can be generalizable to those patients with CKD based on albuminuria. Confounding by factors not included in the model is an additional potential limitation; two potentially influential variables not available CV, cardiovascular; HR, hazard ratio; 95% CI, 95% confidence interval. a Adjusted for age; smoking status; prior CV event (myocardial infarction, hospitalization for congestive heart failure, or stroke); history of cardiac dysrhythmia, atherosclerotic coronary artery disease, diabetes, or chronic obstructive pulmonary disease; HMG-CoA reductase inhibitor prescription; body mass index; systolic BP; and baseline eGFR, serum albumin, urine protein excretion, and LDL and HDL cholesterol. b Adjusted for the above covariates (with the exception of LDL cholesterol), prescription for b-blocker or aspirin, and history of a dualenergy x-ray absorptiometry (DEXA) scan in the year before index date. c Propensity score-adjusted approach. The propensity score was derived from the following variables: age, body mass index, height, systolic and diastolic BP, glucocorticoid therapy at any time during the 12 months before the index date, HMG-CoA reductase inhibitor prescription, b-blocker prescription, clopidogrel prescription, aspirin use, history of smoking, hyper-or hypothyroidism, osteopenia, osteoporosis, diabetes, history of prior cardiovascular event, eGFR, LDL and HDL cholesterol, serum albumin, proteinuria, DEXA study in the prior 3 years, number of visits with primary care physician in the prior 12 months, referral to a rheumatologist in the prior 12 months, and number of visits with a rheumatologist in the prior 12 months.
for this analysis include a history of bone fracture and information about serum vitamin D levels. For example, if bisphosphonate treatment indication was based on the occurrence of pathologic bone fracture for a substantial proportion of study subjects, this confounding might mask a protective effect of these agents, given the strong mortality risk associated with such events.
In conclusion, bisphosphonate treatment among women with CKD was not consistently significantly associated with mortality, regardless of the presence of a prior cardiovascular event. Risk estimates varied across sensitivity analyses, suggesting the need for careful attention to bias when designing observational drug studies. Interventional trials likely are needed to elucidate the true nature of any risk or benefit relationship with these drugs among those patients with CKD, and they may be warranted in light of these results.
